Abstract
Introduction

56
Oral biofilm is a complex community of microbial organisms that dwell on enamel and gingival SrtC1 and SrtC2 are membrane-bound transpeptidase enzymes (16) that belong 80 to class C sortases (5, 7) or fimbria-specific sortases (13, 20) . The first sortase enzyme 81 was discovered in Staphylococcus aureus, termed SrtA (18), which is the prototype of 82 class A sortases. Classification of sortases was based solely on their primary sequence 83 and phylogenetic analysis (5, 7). What distinguishes class C sortases from those of 84 class A is the presence of a carboxy-terminal hydrophobic domain after the sortase 85 signature motif TLXTC (7). Sortases of both classes have an amino-terminal 86 transmembrane (TM) helix that harbors a signal peptide sequence (5, 7). In.
S. aureus, 87
it is thought that the N-terminal signal peptide of SrtA is not cleaved during protein 88 translocation and thus serves as a membrane anchor (17, 18) . Our previous studies of 89 C. diphtheriae pilin-specific sortase SrtA (class C sortase) revealed that the C-terminal 90 hydrophobic domain of SrtA is essential for the enzyme to be inserted into the 91 membrane, hence its polymerization activity (9). Consistently, work in Enterococcus 92 faecalis demonstrated the requirement of the C-terminal domain of pilin-specific sortase 93
SrtC in efficient pilus polymerization (10). More recently, it was shown in Streptococcus 94
agalactiae that both the N-and C-terminal TM regions of pilin-specific sortase SrtC1 are 95 required for the enzyme activity (6). A key remaining question is whether the N-terminal 96 TM of pilin-specific sortases is cleaved, thus liberating the enzyme N-terminus from 97 membrane-association. 98
We present here a structure-function analysis of the fimbria-specific sortase 99 (class C sortase) SrtC2 of A. oris. Our mutational analysis reveals the importance of the 100 signal peptide sequence and its cleavage in the proper enzyme localization at the 101 membrane and fimbrial polymerization activity. We show further that the C-terminal 102
Bertani broth (LB). When needed, kanamycin was added at a concentration of 50 µg ml -1 .
115
Rabbit-raised polyclonal antibodies against recombinant fimbrial proteins were previously 116 obtained (22) . Reagents were purchased from Sigma unless indicated otherwise.
117
Plasmid construction
118
SrtC2 truncations and site-directed mutagenesis of recombinant plasmids based on previous 119 protocols (21, 32) . (i) For SrtC2 truncated mutants, primers (Table 2) were designed to 120 selectively amplify the plasmid pUC-SrtC2 (Table 1) 
122
of SrtC2, the mutation sites were incorporated into the 5' end of synthesized primers. Plasmid
123
DNA of pUC-SrtC2 was used as a template for PCR amplification with Pfu DNA polymerase 124 using appropriate primer sets (Table 2 ). The PCR products were purified by gel extraction and 7 were then boiled in sodium dodecyl sulfate (SDS)-containing sample buffer, separated by 4-HRP linked IgG antibody, and detected by chemiluminescence.
154
In-vitro biofilm formation
155
Biofilm assays were performed as previously described with some modifications (21) . Briefly,
156
Actinomyces strains were grown overnight in HIB at 37˚C with shaking before being diluted 157 1:100 in HIB containing 1% sucrose and 1.5 ml aliquots were dispensed into 24-well polystyrene 158 plates (Corning, NY, USA) followed by incubation at 37˚C with 5% CO 2 for 48 h. The wells were 159 gently washed three times with 1 ml sterile phosphate buffered saline (PBS) and air-dried for 30 160 min. Biofilms were stained with 0.5% crystal violet for 30 min, washed extensively to remove 161 any unbound dye, air dried and photographed by a FluorChem Q Imager (AlphaInnotech).
162
Bacterial co-aggregation
163
Co-aggregation assays were performed with various strains of Actinomyces and S. oralis as 164 previously described (21) . Briefly, stationary-phase cultures of bacterial strains were grown in 165 CAMG complex medium with 0.2% glucose, harvested by centrifugation, washed in Tris-166 buffered saline (TBS, pH 7.5) containing 0.1 mM CaCl 2 and suspended to equal cell density of 167 approximately 2 x 10 9 ml -1 based upon OD 600 values. For co-aggregation, 0.25 ml aliquots of
168
Actinomyces and streptococcal cell suspensions were mixed in 24-well plate for a few minutes 169 on a rotator shaker and photographed by a FluorChem Q Imager.
170
Immuno-electron microscopy
171
Actinomyces cells were grown on HIA plates, suspended in 0.1 M NaCl, washed with PBS and 172 resuspended in PBS. Immunogold labeling was followed as previously described (21 
257
3E-H), while deletion of the last 5 or 59 residues of SrtC2 did not (Fig. 3I-L 
286
TASSER analysis that is based on the sequence-to-structure-to-function paradigm (25, 34), the 287 3-dimentional structure of A. oris SrtC2 was predicted with a confidence C-score of 0.93 and a
288
structural similarity TM-score of 0.84 ± 0.08 (Fig. 5C ). Interestingly, although SrtC2 does not 289 contain the conserved DPW motif, the modeled SrtC2 structure appears to have a lid region 290 with Glu104 and Asn106 as part of the lid anchor residues (Fig. 5C ).
To further probe the potential function of the lid, we generated recombinant plasmids 292 expressing A. oris SrtC1 with alanine-substitution at the canonical anchor residues D129 and 293 W131, and these recombinant plasmids were introduced into the A. oris ΔsrtC1 mutant.
294
Polymerization of the type 1 fimbriae was analyzed by Western blots with α-FimP as described 295 above. As was reported for S. agalactiae SrtC1, no significant defect in fimbrial polymerization 296 was detected in strains expressing SrtC1 with D129A or W131A mutations, as compared to 297 wild-type SrtC1 expressing strain (Fig. 5B) .
298
To (Fig. 1) .
the signal peptide of the M13 procoat protein with Leu at +1 position is cleavable, whereas that (Fig. 1) . Further, SrtC2 mutant lacking the first 44 residues displays the same fimbrial 356 polymerization defect (Fig. 1) .
357
The proposed cleavage of the signal peptide sequence of SrtC2 would liberate the N-
358
terminus of the mature enzyme from the amino-terminal membrane anchor, unlike the situation 359 established for the S. aureus class A sortase SrtA, in which case the signal peptide is not 360 cleaved and the N-terminal TM domain serves as the essential membrane anchor (17, 18) . 361
Processing of the signal sequence in a class C sortase requires that they contain a distinct on August 15, 2017 by guest http://jb.asm.org/ Downloaded from localization of the enzyme in the membrane. Our genetic data established that this is the case: a (Fig. 2) . It is interesting that a SrtC2 mutant lacking the TM-proximal cytosolic domain displays 367 the same defect, whereas mutants missing TM-distal parts of the cytosolic domain including a 368 basic patch behave like the wild-type enzyme (Fig. 2) . Perhaps, the essential cytosolic domain 
373
Apart from having the C-terminal membrane anchor and a cytoplasmic tail, SrtC2 374 potentially possesses a flexible lid over the catalytic pocket (Fig. 4) , which is a typical feature 375 found in class C sortases, such as A. oris SrtC1 and S. agalactiae SrtC1 (6, 23). While 376 mutations of the lid anchor residues of S. pneumoniae SrtC1 abrogated pilus polymerization 377 (15), similar mutations in S. agalactiae SrtC1 (6) and A. oris fimbria-specific sortases SrtC1 and 378 SrtC2 do not affect pilus polymerization (Fig. 4) . It is noteworthy that although S. pneumoniae While the lid anchor residues are dispensable for the activity of A. oris sortases, the 388 catalytic residues C246 and H184 of SrtC2 were shown here to be essential for the enzymatic 389 activity, hence the assembly of type 2 fimbriae (Fig. 5) . Consequently, the ability of A. oris cells 390 to form biofilm and to coaggregate with S. oris was abrogated with mutations of the two residues
391
(data not shown). Importantly, three-dimensional structural studies of sortases of different 392 classes reveal a common fold with the catalytic cysteine and histidine residues forming a 393 catalytic pocket (27) . This has become a signature of sortase families (6, 16, 27) , and our 394 finding here validates their essential role. The key puzzle that remains unsolved is how 395 substrate specificity is determined, given that all sortase enzymes display a similar catalytic 396 core. Our previous studies hinted that the substrate specificity is partly endowed by the exact 397 sequence of the LPXTG motif (3). Based on this study and available evidence, it is tempting to 398 speculate that accessory elements such as the lid region may contribute to substrate specificity 
501
Catalytic residues H184 and C246 are located upstream of the C-terminal transmembrane helix.
502
(B-C) Cell wall and membrane fractions were harvested from Actinomyces cells of wild-type
503
MG-1 strain and isogenic derivatives. Equivalent protein samples were separated on 4-12%
504
Tris-Glycine gradient gel and detected by immunoblotting with antibodies against SrtC2 and
505
SrtA (α-SrtC2 and α-SrtA; membrane fractions) (B) or FimA (α-FimA; cell wall fractions) (C).
506
The positions of high molecular-mass polymers (FimA P ) and monomers (FimA M ) and molecular 507 mass markers are indicated. 
529
anchor residues D129 and W131 covering catalytic residues H204, C266, and R275 is shown in 530 the three-dimensional (3D) crystal structure of Actinomyces fimbria-specific sortase SrtC1.
531
Shown in (C) is a 3D structure of Actinomyces fimbria-specific sortase SrtC2 as modeled after 
